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a b s t r a c t
An analytical solution for the effect of particle size on the current density and near-surface ion distribution around spherical nanoparticles is presented in this work. With the long-term aim to support predictions on corrosion reactions in the human body, the spherical diffusion equation was solved for a set
of differential equations and algebraic relations for pure unbuffered and carbonate buffered solutions. It
was shown that current densities increase signiﬁcantly with a decrease in particle size, suggesting this
will lead to an increased dissolution rate. Near-surface ion distributions show the formation of a steep
pH-gradient near the nanoparticle surface (<6 μm) which is further enhanced in the presence of a carbonate buffer (<2 μm). Results suggest that nanoparticles in pure electrolytes not only dissolve faster
than bigger particles but that local pH-gradients may inﬂuence interactions with the biological environment, which should be considered in future studies.
© 2022 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
Nanoparticles (i.e. particles in the nanometre size range) have
gained an immense interest during the past decades. The high
surface-to-volume ratio of these particles has led to applications
in the area of heterogeneous catalysis [1], especially for electrochemical reactions involving the oxygen reduction/evolution reaction (ORR/OER) and CO2 reduction [2–4], to enhance mechanical
properties of alloys [5,6] and for biomedical applications [7] such
as nanosheets and nanozymes for catalytic use [8,9]. Due to their
small size, nanoparticles can easily be absorbed by the human
body and engulfed by cells (endocytosis) through a variety of exposure routes, such as inhalation, ingestion, injection, and dermal
exposure [10–13]. This uptake mechanism can be used to deliver
drugs and for different biomedical applications, including the di∗
Corresponding author(s) at: Institute of Chemical Technologies and Analytics,
Technische Universität Wien, Getreidemarkt 9, 1040 Vienna, Austria.
E-mail addresses: thomas.stepan@gmx.at (T. Stepan), michael.auinger@
tuwien.ac.at (M. Auinger).

agnosis and treatment of different diseases [14–17]. The relatively
high uptake and surface reactivity of nanoparticles, as compared
to microparticles [18,19] can, however, cause adverse health effects
[20]. This is best demonstrated by the fact that air pollution with
ﬁne particulate matter (<2.5 μm), primarily caused by combustion
processes, is one of the leading threats to global public health [21].
Increasing dissolution with decreasing size (from 50 to 5 nm) has
also been demonstrated for relatively inert gold nanoparticles in
speciﬁc environments [22,23]. Different physicochemical properties
of the particles are important for toxic outcomes and pharmacokinetic behaviour and fate, including size, size distribution, aggregation, shape, surface charge, solubility, crystallinity, and surface
groups including protein/polymer corona [24,25]. Apart from these
factors inﬂuencing the toxicity and biocompatibility of such particles, local pH-shifts, caused by chemical reactions, will severely
affect the local environment around these particles, which has implications on the dissolution rate and electrocatalytic activity. In a
previous study [26], it was shown that small currents can lead to
signiﬁcant shifts of the pH-value near a planar electrode surface.
Due to the high kinetic rates of the hydrogen oxidation reaction

https://doi.org/10.1016/j.electacta.2022.139923
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Table 1
Pre-factors and diffusion coeﬃcients used for the calculations.
species

pre-factor

D at 25 ◦ C (m2 s−1 )

H+
OH−
H2 CO3
HCO−
3
CO23−

+1
−1
+2
0
−2

9.31
5.27
2.04
1.10
0.80

×
×
×
×
×

10−9
10−9
10−9
10−9
10−9

Literature
[29]
[29]
[30]
[30]
[30]

of the nanoparticles is spherical, which allows a transformation of
the relevant equations into spherical coordinates. Due to the high
symmetry of a sphere, only the radial terms need to be considered
for Eq. (1). Whilst this may lead to deviations for experiments on
partially covered or embedded particles, reasonable comparison of
obtained results with free (radial) ion transport can still be drawn.
Nanoparticles with an ellipsoid shape do not have a simple analytical expression for their surface and the transformation of the
main transport equation into an ellipsoidal coordinate system does
not lead to an explicit analytical solution either [28]. However, the
ion distributions along the three main axes can still be approximated by individual numerical simulations. Alternatively, the analytical solutions for the three curvatures of the ellipsoid can be
calculated via Eq. (1), before these are averaged to provide an approximation of the macroscopic behaviour in experiments with an
electrode with (spherical) nanoparticles.

Fig. 1. Graphical illustration of the relative sizes in the general modelling concept
for the ion distribution near the solid-liquid interface. The mechanisms of the main
transport phenomena - diffusion, migration and convection are highlighted. The difference of the electrochemical potential, termed surface potential in this study, between the particle surface (solid line) and the end of the diffusion zone (dotted
line) leads to a gradient of the H+ distribution (dashed line) across the diffusion
zone surrounding the nanoparticle. Please note the different scaling of the x-axis.

(HOR) and the hydrogen evolution reaction (HER), the equilibrium
between H+ , H2 and OH− at the solid-liquid interface is important, but still often misinterpreted, or its contribution to the overall current signal is ignored. This is because electrolytes often have
a very low concentration of dissolved H2 which quickly leads to
diffusion limitation of the anodic current signal (HOR, acidic surface pH). The majority of nanotoxicity-related research focuses on
body ﬂuids, which contain a rather complex mix of amino acids,
salts and other substances. Due to the complex composition and
the lack of thermodynamic data, it is hard to model the system
in its full complexity. Hence, this work reports on a simpliﬁed approach to simulate the local pH-distribution from an analytic function of surface potential and particle size in unbuffered and carbonate buffered solution, providing useful insights to understand
1) the pH-shifts in close proximity to the nanoparticle surface and
2) size effects of the nanoparticles on the near-surface ion distribution. Because analytical solutions compute much faster than numerical simulations, they are more useful for parametric studies of
such electrolyte systems.



∂ ci
1
Di z i e 0
= 2 div r 2 Di ∇ ci + r 2
ci ∇φ
∂t
kB T
r

(1)

ci .......concentration of species i in mol m−3
t.......time in s
Di .......diffusion coeﬃcient of species i in m2 s−1
zi .......charge of species i
φ .......(electrochemical) surface potential vs. standard hydrogen
electrode (SHE) in V
T.......absolute temperature in K
kB .......Boltzmann constant (kB = 1.380 × 10−23 J K−1 )
e0 .......elementary charge (e0 = 1.602 × 10−19 A s)
r.......radius (distance from particle) in m
All calculations in this work are based on a diffusion layer
thickness that would form in a rotated disk electrode setup at a
rotation rate of 2500 rounds per minute (rpm) and a kinematic
viscosity of 0.9 × 10−7 m2 s−1 , which is the value for pure water
at 25 ◦ C [29]. The diffusion coeﬃcients are listed in Table 1.
Given that reaction rates of the HOR/HER on most metallic surfaces are extremely high [1] and reactions between ions are fast
[27], the system can be considered to be in local thermodynamic
equilibrium at any time. Thus, the pH at the particle surface corresponds to the surface potential of H+ /H2 via the Nernst equation.

2. Fundamental concept
The local concentration of a chemical species i can change by
transport effects such as diffusion, migration, convection or by involvement in a chemical reaction that consumes or produces this
species. In aqueous solutions, the reactions between ions such as
H+ and OH− are extremely fast, much faster than ion transport
via diffusion, migration and convection [27]. Therefore, the concentration of OH− can be expressed by the concentration of H+
and the equilibrium coeﬃcient of the reaction between both ions.
This means that the chemical reaction between ionic species can
be assumed to be in local thermodynamic equilibrium, and the
general modelling approach contains the relationships for element
transport and the algebraic relations between chemical species via
thermodynamic equilibrium considerations [26]. The inﬂuence of
transport phenomena such as diffusion, migration and convection
on the ion distribution is shown in Fig. 1.



E = EH0 + /H2 +

a2 +
RT
ln H
2F
aH2



= −59 mV pH − 28.5 mV log10 ( pH2 )(2)

E.......(electrochemical) surface potential at the particle surface in V
vs. standard hydrogen electrode (SHE)
ai .......activity of species i (hydrogen, protons)
pH.......pH-value at the particle surface
R.......universal gas constant (R = 8.3144 J mol−1 K−1 )
F.......Faraday constant (F = 96485 A s mol−1 )
pH2 .......partial pressure of H2

2.1. Model development

2.2. Analytical solution for the steady state
A general solution for the time-dependent problem mentioned
above cannot be derived and hence reasonable simpliﬁcations to
the general case need to be made. Some of these simpliﬁcations
have already been discussed for ﬂat electrode surfaces [26] and
are brieﬂy described in Appendix A. We assume that the shape

Due to the fast transport and kinetics of the solution reactions
such as the water equilibrium and the (de-)protonation of carbonic
acid [27,29], the cyclic voltammograms and the local ion concentrations, including the pH-value, reach a steady state after a few
2
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microseconds. Consequently, the time derivative ∂ ci /∂ t in the simulations can be set to zero. After setting the migration term to zero
for electrolytes with high ionic strength (see Appendix A) and integrating Eq. (1) with respect to the axis perpendicular to the particle surface, one obtains Fick s ﬁrst law of diffusion in spherical
coordinates. Finally, after multiplying the diffusive ﬂux j with the
Faraday constant F and integration, the current density can be calculated as follows:

k∗ −


j
= −F
(ni − mi )Di ci
r

curvature of the surface. For an inﬁnite particle radius (r0 → ∞),
the surface is mathematically ﬂat and hence results converge to
the values for ﬂat electrodes. By solving the general mathematical
relationship for a given diffusion zone thickness in both unbuffered
and carbonate buffered solutions, one obtains results in the form of
a cyclic voltammogram. By solving the corresponding polynomial
for the distance (Eq. (3)), the local ion distribution and changes
of the pH-value will be shown. Results are representative for single nanoparticles. It should be noted that agglomerations and/or a
high density of nanoparticles might lead to an overlap of the diffusion proﬁles. This will in turn lead to a change of the macroscopic effect, as described in more detail in numerical simulations
in [32,33].

(3)

i

where j is the current density in A m−2 , r is the radial distance
from the particle surface in m, k∗ is the integration constant, ni is
the pre-factor for proton capture and mi is the pre-factor for proton supply. A list of pre-factors for all relevant species in this study
can be found in Table 1. Inserting the boundary conditions for the
concentration of H+ at the particle surface (r = r0 ) and the outer
boundary of the diffusion layer at (r = r0 + δeff ), respectively, determines the current density j for a given surface pH-value. The
solution of this polynomial function provides the local distribution
of the representative species across the diffusion zone. The distribution of the other participating species can then be derived from
their thermochemical equilibrium conditions, which will be discussed in Section 3. Since the local distribution of all species involved is connected by the local pH-value, it is reasonable to select
H+ as the representative species throughout this study.

3.1. Unbuffered solution
For the case of an unbuffered solution, only H+ and OH− contribute to the current transport. Following the principles outlined
in Section 2.2. and substituting the concentration of OH− by the
thermodynamic equilibrium with H+ (Eq. (5)), one obtains Eq. (6),
expressing the relationship for the total current density as a function of surface pH-value. The local pH-distribution can then be derived from the solutions of the corresponding polynomial equation,
leading to the analytical expression shown in Eq. (7).

KW = cH+ cOH− = 10−14 mol 2 L−2

2.3. Numerical solution for diffusion limitation

jH+ /OH− =

The limited supply of hydrogen and oxygen via diffusion to
the surface is considered in the calculations for surface potentials
above 0 VSHE to compare with typical experimental conditions. Depletion of dissolved hydrogen near the electrode surface becomes
signiﬁcant at potentials above −100 mVSHE . Therefore, the ﬂux of
hydrogen, required to sustain the local pH-value, is calculated from
a mass and charge balance for all hydrogen transporting species
2−
(H+ , OH− , H2 CO3 , HCO−
and H2 ), which leads to Eq. (4).
3 , CO3
Since experiments were performed without a controlled hydrogen
partial pressure in the atmosphere, we assumed p0 = 1 mbar H2 to
be in equilibrium for the calculations. Considering this, one obtains
the hydrogen partial pressure at the electrode surface, according to
Eq. (4). This value is then added to the Nernst equation (Eq. (2)) to
derive the corresponding surface potential.



 surface solution
1
1
1

1
1
r0

− δ 1+r
0
eff



(5)




surface
solution
DH+ cH
− cH
− DOH− KW
+
+

k∗ − rj
cH+ ( r ) = −
±
2 F DH+



j 2
r
4F 2 D2H+

k∗ −

−

DOH−
DH+ KW

1
surface
cH
+

−

1
solution
cH
+



(6)

(7)

Figure 2 shows the calculated cyclic voltammograms for different particle sizes at a given solution pH-value of 7. A second xaxis at the top of the ﬁgure shows the surface pH-value, derived
from the corresponding surface potential (Eq. (2)). A closer look at
Eq. (6) reveals that the calculated current density j depends on the
particle radius r0 . Considering that the diffusion equation is solved
for one nanoparticle, it stands to reason that larger particles exhibit a larger current signal. Thus, in order to compare different
sizes of nanoparticles with each other, the current signal has to be
normalized. It is often a matter of controversy and ease of meapH2 = p0 +
DH+ cH+
− cH+
− DOH− KW
− solution
surement whether this normalization should be respective to the
surface
6DH2 HH2
cH+
cH+
total mass of the particle or respective to the surface area. In or



 surface solution
surface
solution
surface
solution
der to circumvent this discussion and because both versions are
−
+ 4DH2 CO3 cH
−
c
+
D
c
−
c
−
2
D
c
−
c
2
−
−
−
HCO3
H2 CO3
CO3
HCO3
HCO3
2 CO3
CO32−
CO32−
easily accessible from modelling, it was decided to plot both nor(4) malized currents in Fig. 2. This furthermore allows the reader to
compare between surface-speciﬁc and mass-speciﬁc current denwhere HH2 is the Henry constant for the solubility of hydrogen at
sities. It should be noted that due to the small mass and surface
25 ◦ C.
area of these nanoparticles, the corresponding normalized current
The oxygen diffusion limitation can be observed at potentials
densities appear to be very high. In an experiment, where nanoparmore negative than −600 mVSHE and has been considered by reticles would be embedded in, or attached to, a conductive matrix,
stricting the negative current densities in the simulations to typthe exposed nanoparticle surface area is small. Hence experimenical values, reported in literature (j = 0.014 mA mm−2 , [31]). A
tally observed current densities would in fact be much lower and
small parallel ohmic resistance was included in the calculations to
below the diffusion limiting current in an environment saturated
compensate for the tilt in experimental RDE results, described in
with 1 bar H2 at 25 ◦ C [1,34].
Appendix B.
According to the CV curves in Fig. 2a, the current density fea3. Results and discussion
tures a plateau region at neutral surface pH, independent of particle size. This plateau does not correspond to a kinetic hindrance of
The obtained modelling approach has already been veriﬁed for
the reaction, but rather to a signiﬁcant change of the surface pH. In
the case of planar surfaces in unbuffered solutions as well as acnear-neutral solution (pH 6-8), the concentrations of H+ and OH−
etate, borate and phosphate buffered solutions at potentials below
are very small and hence only a minimal current is required to
the diffusion limitation in previous works [26]. Therefore, this secsigniﬁcantly alter the pH-value near the particle surface. However,
tion focuses on the effect of the particle size, which inﬂuences the
whereas the plateau is limited to a potential range of −500 mVSHE
3
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Fig. 2. Calculated cyclic voltammograms for a range of different nanoparticle sizes (1 nm, 10 nm, 100 nm, 10 0 0 nm) in unbuffered aqueous solutions of pH 7. The current
densities in the graphs are normalized to the particle surface area (left) and particle mass (right), respectively. The black line in the left ﬁgure represents the current density
for a planar surface, meaning an inﬁnitely large particle radius (ro → ∞).

Fig. 3. Contour plots for the radial pH-distribution across the diffusion zone in unbuffered solution with pH 7. Impact of particle diameter at a surface pH-value of 1.5
(similar to gastric liquid, left) and impact of surface pH-value for a 10 nm sized nanoparticle (right).

to −400 mVSHE for a particle diameter of 1 nm, it signiﬁcantly
extends for larger particles up to a range from −650 mVSHE to
−200 mVSHE (≈pH 11-3) for a particle diameter of 1000 nm. This
observation indicates that smaller particles feature steeper concentration gradients across the diffusion zone, leading to higher current density values. Larger particles on the other hand, characterized by a decreasing curvature of the surface, feature smoother
concentration gradients and behave increasingly similar to planar
surfaces as indicated by the black dashed curve in Fig. 2a. Whereas
the particle surface area scales with r 2 , normalization to the particle weight leads to an even higher scaling factor (r 3 ). Consequently,
Fig. 2b shows a signiﬁcantly larger impact of particle size on the
calculated current density. For a complementary discussion regarding the inﬂuence of the solution pH-value and other parameters
such as electrode rotation rate on the current signal, the reader
is referred to previous investigations [26]. The local pH-value distribution near the particle surface can be calculated using Eq. (7).
Results for a range of nanoparticle sizes from 1 nm up to 10 0 0 nm
with surface pH 1.5 (similar to gastric ﬂuid, -87 mVSHE ) and in
neutral solution (pH 7, -406 mVSHE ) are shown in Fig. 3a. Figure
3b illustrates the change of pH-value for a constant nanoparticle
size under varying surface pH-values / surface potential. In ac-

cordance with the set boundary conditions, the local pH outside
the diffusion zone (x  δeff ) is only dependent on the bulk solution pH-value. By contrast, the pH-distribution inside the diffusion
layer is governed both by solution and surface pH-values as well
as the particle diameter. According to Fig. 3a, the pH-gradient gets
increasingly steeper with smaller particle diameter and shifts towards the particle surface. Very small particles (<10 nm) feature a
steep pH-gradient up to approximately 9 μm distance from their
surface. Whilst this diffusion layer thickness is almost 10 0 0 times
larger than the size of these particles themselves, these steep gradients lead to the high current densities shown in Fig. 2. The chosen surface pH of 1.5 deﬁnes a most extreme acidic environment
inside this small volume around the particles, as it can be found
in gastric liquid [35,36], caused by inﬂammatory conditions and
macrophages [37], or strongly oxidizing conditions such as Fenton
reactants, hydrogen peroxide or hypochlorous acid [37,38]. However, the outer layer of the diffusion zone is characterized by moderate pH-value changes. Larger particles (>100 nm) on the other
hand, exhibit a smoother pH-distribution across the entire diffusion zone, thus leading to systematically lower speciﬁc current
densities than smaller particles. The contour plot in Fig. 3b exempliﬁes the impact of a variation of the surface pH value in neutral
4
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Fig. 4. Ion distribution of H+ (red lines) across the diffusion zone for 10 nm, 100 nm and 10 0 0 nm sizes nanoparticles. The OH− concentration (blue line) is shown for a
nanoparticle diameter d0 of 10 nm for comparison. a) solution pH 7, surface pH 1.5 (similar to gastric ﬂuid); b) solution pH 8.8 (similar to bile and pancreatic ﬂuid), surface
pH 5.5 (normal skin pH).

solution. As a consequence of the pH 7 solution, the contour lines
are symmetrical around this pH-value. For moderate surface pH
values (pH 5-9), only minimal deviations between diffusion zone
and bulk solution can be observed. Changes are mostly limited to
the direct vicinity of the particle surface and are indistinguishable
on the linear distance scale. Larger differences occur, however, if
highly acidic or alkaline surface pH-values are chosen. Whilst for
particles of 10 nm in size, these regions with extreme pH-values
are limited to a comparably small fraction of the diffusion zone,
they can grow signiﬁcantly in size for even smaller particles.
Figure 4 shows the ion distribution of H+ and OH− at any point
in the diffusion zone for various particle sizes as a function of solution pH-value. Due to the low surface pH-value, the current signal
in the diffusion zone corresponds mainly to hydronium diffusion
as shown in Fig. 4a, which changes if the bulk solution becomes
alkaline (see Fig. 4b). In this case, the contribution of OH− dominates the overall current signal, with the exception of the acidic
particle surface, where the concentration of H+ rises accordingly.
As mentioned previously, increasing the particle size results in a
ﬂatter and overall smoother concentration gradient across the diffusion zone. Whereas the H+ -distribution of 10 0 0 nm particles extend far into the diffusion zone, a 10 nm particle features a very
steep H+ -gradient directly at the particle surface. The steepness of
the concentration gradient also depends on the pH-value difference between the solution and the nanoparticle surface. A comparison between Fig. 4a (bulk pH 7) and Fig. 4b (bulk pH 8.8) reveals
that alkaline solutions results in steeper concentration gradients
and may therefore lead to higher currents if the ionic concentrations are similar.

ate anion and -2 for the carbonate anion. Therefore, the calculation
of the current density for the carbonate buffered system is slightly
more complex, since two additional terms for the (de-)protonation
reactions, as shown in Eqs. (9) & (10), have to be considered

Ka1 =

Ka2 =

= 10−6.35 mol L−1

(9)

= 10−10.33 mol L−1

(10)

cH2 CO3
cH+ cCO2−
3

cHCO−3

Furthermore, the concentration of the buffer species can be
0
substituted by one constant value (cbuffer
), equalling the total buffer
concentration in Eq. (11)
0
cbuffer
= cH2 CO3 + cHCO−3 + cCO2−

(11)

3

Inserting these relationships into the general form for the current density in Eq. (3), one obtains Eq. (12). Similar to the unbuffered case, the solution of the polynomial for the distance gives
the local pH-values across the diffusion zone, shown in Eq. (13).
Due to the high degree of the polynomial, an analytical form for
these solutions cannot be given and instead this equation was
solved algebraically as described in [26].

j = jH+ /OH− +


0
cbuffer
F
1
r0

−

1
r0 +δeff

4
0
DH+ cH
+ + DH+ Ka1 + 2DH2 CO3 cbuffer +

+



k∗ − j/r
F

2DH2 CO3 cr,2 H+ − 2DCO2− Ka1 Ka2
3

cr,2 H+ + Ka1 cr,H+ + Ka1 Ka2
k∗ − j/r
F

3
cH
+ +

 k∗ − j/r
F

2
Ka1 + DH+ Ka1 Ka2 − DOH− KW cH+

0
Ka1 Ka2 − DOH− Ka1 KW − 2DCO2− cbuffer
Ka1 Ka2 cH+ − DOH− Ka1 Ka2 KW = 0

(12)

(13)

3

It should be noted that the analytical expression for the current density in Eq. (12) can be expressed by the contributions
of H+ and OH− . It is hence corresponding to the current density in an unbuffered solution jH+ /OH− and an additional term for
the buffer species. Figure 5 shows the calculated cyclic voltammetry curves for the surface-area-speciﬁc current densities of 10 nm
sized nanoparticles in the presence of different concentrations of
carbonate buffer at a solution pH of 7.4, which is similar to the
pH-value in human blood. Independent of the buffer concentration,
the current is zero when the surface pH-value equals the pH-value
of the solution. In this case, all concentration gradients across the
diffusion zone are zero, consequently no diffusive ﬂux occurs. In
contrast to the unbuffered solution (red curve), the curves of the
buffered solutions exhibit a split of the characteristic plateau domain across the pKa -values of the carbonate buffered system. In

3.2. Carbonate buffer system
The carbonate-bicarbonate buffer equilibrium is critical for
maintaining a near neutral pH-value (≈pH 7.4) in our blood stream
[39,40]. The concentration of the three involved buffer species
2−
H2 CO3 , HCO−
3 and CO3 are related to the proton concentration according to the following equilibria:
2−
+
+
H2 CO3  HCO−
3 + H  CO3 + 2H

cH+ cHCO−3

(8)
H+ ,

Carbonic acid is able to provide 2
whereas the carbonate
anion is able to capture 2 protons. The net contribution of bicarbonate to the reaction is zero, since HCO−
3 may function as donor
or acceptor of one proton. Therefore, the corresponding pre-factors
in Eq. (A.2) and Table 1 are +2 for carbonic acid, 0 for the bicarbon5
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Fig. 5. Cyclic voltammograms of nanoparticles in unbuffered and carbonate buffered systems at pH 7.4, similar to human blood. All current densities have been normalized
to the particle surface area. a) impact of buffer concentration (unbuffered solution, 0.5 mM, 1 mM, 5 mM and 10 mM carbonate buffer) for a 10 nm sized nanoparticle; b)
impact of particle diameter (1 nm, 10 nm, 100 nm and 10 0 0 nm) on current signal in 5 mM carbonate buffered solution.

general, the additional buffer species cause an increase of the current signal, related to the surface pH-value and the buffer concentration, leading to the formation of these steps in the CV-curves.
Since bicarbonate is neutral with regard to its capacity as a proton
carrier, the smallest effects are observed in the neutral pH-domain,
in between the two pKa -values (6.35, 10.33) of the carbonate system. For moderately acidic surfaces (pH 4-6), the contribution of
H2 CO3 dominates the diffusive ﬂux, most readily observed by the
signiﬁcant deviations of the curves in this pH-range. The contribution of the buffer species scales linearly with the total buffer concentration, which can also be concluded from Eq. (12). At extreme
surface pH-values, the concentration of H+ or OH− , respectively,
exceeds the comparably small amount of bicarbonate buffer by far,
hence the current signal is dominated by the contribution of the
unbuffered solution ( jH+ /OH− ). Figure 5b compares the current signal for various particle diameters at a set buffer concentration of
5 mM. When comparing the different curves, it is obvious that the
calculated current density increases with decreasing particle diameter. This is conceivable, considering that the additional term for
the carbonate species in Eq. (12) is subject to the same particlesize dependent pre-factor as the term for the unbuffered solution.
As a consequence, the actual impact of the addition of 5 mM carbonate buffer on the calculated current density is speciﬁc to the
particle size. Thus, according to Fig. 5b, the general statement regarding the particle size effect in unbuffered solutions still holds
true for carbonate buffered solutions.
Similar to the unbuffered solution, the local proton concentration across the diffusion zone for carbonate buffered solutions can
be obtained by solving the polynomial in Eq. (13). The contour
plots in Fig. 6 illustrate the local pH-distribution at every point
in the diffusion zone. Similar to the contour plots for the local
pH-value in unbuffered media, Fig. 6a exempliﬁes the impact of
varying the particle diameter for a solution of pH 7.4 and a particle surface pH 1.5, whereas Fig. 6b depicts the pH-distribution for
a constant particle diameter of 10 nm as a function of the surface pH-value. Compared to the unbuffered solution, the addition
of only 1 mM carbonate buffer already shows a distinct impact on
the pH-distribution across the diffusion layer, as the obvious role
of a buffer is to keep the pH-value constant. In particular for small
particles (d0 <10 nm), the neutral pH-domain extends far into the
diffusion layer up to 3 μm distance from the particle surface. For
larger particles, the buffer effect is less pronounced, although still
ascertainable. Fig. 6b offers a different point of view, focusing on

the variation of the surface pH-value. As opposed to the unbuffered
solution, the bicarbonate buffer is able to neutralize both H+ as
well as OH− ions, stabilizing the neutral pH-domain across a wider
range of surface pH-values. The buffer capacity scales primarily
0
with the total concentration of buffer ions (cbuffer
) in the solution,
although the solution pH plays an important role as well. Due to
its pKa -values at 6.35 and 10.33, the carbonate system is ideal to
buffer near neutral solutions.
The ion distribution of H+ and OH− in unbuffered, as well
as 1 mM and 10 mM carbonate buffered solutions, is shown in
Fig. 7a. All curves were calculated by setting the particle diameter to 10 nm and using a solution and surface pH-value of 7.4 and
1.5, respectively. Based on the H+ -distribution presented in Fig. 7a,
it can be concluded that carbonate buffered solutions feature an
increasingly steeper H+ -gradient, scaling with the total buffer concentration. In addition, the contribution of the buffer species to the
current transport leads to a change of the concentration gradients
across the diffusion zone and is the primary cause for the increasing current densities of carbonate buffered solutions, observed in
Fig. 5a. The ion distribution of the buffer species is depicted in
Fig. 7b. Since the stability of the buffer species is governed by the
local pH-value, carbonic acid is the dominant ion species near the
acidic particle surface. Reﬂecting the increasing pH-value, the concentration of H2 CO3 drops in the direction of the bulk solution,
whereas the concentration of the bicarbonate ion increases. This
indicates that the proton transport near the acidic particle surface is dominated by H+ , whereas the buffer species take over this
role at approximately 1.5 μm distance from the surface. Bearing
in mind that bicarbonate is inert regarding its role as proton shuttle (Table 1), the impact of the carbonate buffer in this case can
be primarily attributed to the contribution of carbonic acid. Due to
the overall low concentration, the third buffer species CO23− plays
only a minor role in the investigated pH-range (1.5–7.4) but becomes dominant in strongly alkaline media. Outside the diffusion
zone (x >δeff ), the solution pH is constant, hence, the concentration of the buffer species remains constant as well.
3.3. Experimental veriﬁcation for ﬂat surfaces using a rotating disk
electrode
Experimental measurements, using a glassy carbon rotating disk
electrode (i.e. ﬂat surface r0 → ∞, setup described in Appendix B),
showed an overall good agreement with simulations (see Fig. 8)
6
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Fig. 6. Contour plots for the radial pH-distribution across the diffusion zone in 1 mM carbonate buffered solution with pH 7.4, similar to human blood. Impact of particle
diameter at a surface pH-value of 1.5 (similar to gastric ﬂuid, left) and impact of surface pH-value for a 10 nm sized nanoparticle (right).

Fig. 7. Ion distributions across the diffusion zone of a nanoparticle with diameter d0 = 10 nm in solution with pH 7.4 (similar to human blood) and pH 1.5 at the surface
(similar to gastric ﬂuid). Left: Concentration of H+ (red lines) for unbuffered solution, 1 mM and 10 mM carbonate buffered solutions. The OH− concentration (blue line) for
2−
the unbuffered solution is shown for comparison. Right: Local concentrations of buffer species H2 CO3 , HCO−
3 and CO3 in 1 mM carbonate buffered solution.

Fig. 8. Comparison between experimental (green and cyan lines) and modelled (red lines) cyclic voltammetry curves of a rotating disk electrode setup at pH 7.4 and 22 ◦ C
with a 5 mM carbonate buffer in 5 g NaCl L−1 . The scan direction in the experiments is indicated by the arrows. The simulations in the left image include the Butler-Volmer
kinetics of the oxygen evolution reaction (OER) and allow the hydrogen partial pressure at the surface to drop to zero. The right image excludes the current contribution for
the OER and shows the inﬂuence of a lower limit for the hydrogen activity at the electrode surface on the calculated current signal for a 1 mM carbonate buffer. A small
parallel ohmic resistance of 75  was added to all simulated values to compensate for the tilt of experimental current densities.
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when the simulations have been extended by diffusion limitation
of the chemical species. In all measurements, a small hysteresis
could be observed (different currents for forward and backward
scans). Plateau values for the current density near the pKa values
of the buffer become visible. The depletion of hydrogen near the
surface can be seen at potentials more positive than −100 mVSHE ,
thus changing the surface potential and forming a large plateau in
the range between −100 mVSHE and 700 mVSHE .
The experimental current densities show a steep increase near
800 mVSHE , which is in theoretical agreement with the onset
of the oxygen evolution reaction (OER) [41] because the calculated surface pH-value remains at ≈7.4 between -400 mVSHE and
1300 mVSHE . However, the ﬁtted exchange current density ( j0 =
14 mA mm−2 ) for this reaction would be higher than typical values reported in literature [42]. Whilst the onset potential does not
0
0
match the oxidation of carbon (EC/
= 0.207 V, EC/CO
= 0.518 V
CO2
[43]) it should also be noted that the transition of the current signal is not purely exponential, giving rise to the assumption that
the hydrogen partial pressure at the surface may not drop to zero
but instead remains constant at approximately 10−50 bar H2 (G0r
= 200 kJ mol−1 at pH 7.4). Such small values are indicative for an
equilibrium partial pressure when hydrogen and carbon are inter−1
acting via a weak chemical bond (compare G0r = 335 kJ mol for
the average value of a covalent C-H bond). This would indicate that
the surface of the glassy carbon electrode may be (partially) terminated with hydrogen. Whilst an experimental proof of this hypothesis remains to be explored in detail, it should be noted that the
observed non-ideality can nevertheless be ﬁtted by the shift of the
carbonate buffer signal with the hydrogen partial pressure equilibrium at the surface.

ditionally alter the macroscopic effect, as it is also reported from
numerical simulations in literature [32,33]. Thermodynamic properties and their change with nanoparticle size, as described in [46],
were not considered and it is expected that including these would
further increase the dissolution rate for smaller nanoparticles.

4. Conclusions
An analytical solution for the calculation of cyclic voltammetry
curves and local pH-values near the surface of spherical nanoparticles in (un-)buffered solutions has been presented. Results are discussed for the speciﬁc case of a carbonate buffer and agglomeratefree nanoparticle suspensions. The spherical geometry leads to a
change of the local ion distributions, which become steeper for
smaller particles, thus resulting in higher current densities. For
large nanoparticles (up to 1 μm), the ion gradients are overall
smoother and increasingly similar to the results for planar surfaces. Whilst the simulation results are calculated for a single
nanoparticle, the current density has been normalized, with respect to the nanoparticle surface and nanoparticle mass, in order to relate to quantities, which can be easier accessed experimentally. The addition of a carbonate buffer extends the region of
the near neutral pH-value, resulting in steeper ion gradients and
higher current densities. Again, this effect is most pronounced for
small nanoparticles and would indicate a higher dissolution rate
for smaller nanoparticles. It should, however, be noted that, depending on particle composition, the formation of carbonate precipitates might occur which in turn will affect the dissolution rate.
Especially for biological applications, it should also be noted that
signiﬁcant changes of the pH-value near the surface will have an
effect on the protonation state of amino acids. Experimental results for ﬂat surfaces (r0 → ∞) using a rotating disk electrode setup and simulations including diffusion limitation of hydrogen and
oxygen are in good agreement despite the complexity of the electrolyte. The depletion of hydrogen near the surface leads to the
formation of an extended plateau area at surface potentials more
positive than −100 mV vs. standard hydrogen electrode. Whilst an
increase of the current density above 800 mVSHE could be observed
in the experiments due to the oxygen evolution reaction (OER),
simulations were also able to replicate the current signal if the
lower limit for the hydrogen partial pressure at the surface was
kept constant at a value near 10−50 bar H2 . Whilst an experimental proof for this mathematical ﬁt was not the aim of this study, it
should be noted that the derived binding energy may indicate an
interaction of remaining hydrogen and the carbon surface.

3.4. Importance of main ﬁndings
Combining the results from previous sections, one can see that
the current density increases for smaller nanoparticles as it is also
experimentally observed for gold [44] and silver [45]. This leads
to steeper pH-gradients in close proximity to the nanoparticle surface which in turn will increase the dissolution rate. A signiﬁcant
change of pH-value may even alter the tertiary/quaternary structure of large proteins and amino acids, hence affecting the binding
between biomolecules and nanoparticles. Simulations have shown
that the current transport across the diffusion zone is not always
carried out by the same ions. Especially in the presence of a carbonate buffer, the buffer ions will dominate the ion transport under near-neutral pH-values. This has implications on the local solubility of metal ions and may lead to the formation of precipitates.
If these precipitates form close to the surface, as one would expect
for small nanoparticles, they might act as a barrier and hamper
further dissolution. For larger particles, precipitates will form at a
larger distance from the surface and hence get washed away more
easily. Dissolution of nanoparticles will change the particle radius
with time and hence lead to an increase of the local ion gradients
and current density. Whilst a transient behaviour was not modelled in this work, one can easily estimate from the relationship
2 /D that the timeframe for diffusion in close proximity to
t ∝ δeff
the nanoparticle surface has to be in the range of milliseconds.
This appears to be faster than typical dissolution rates and the
ion distributions in equilibrium, shown in Figs. 3, 4, 6 and 7 can
thus be considered as the ion distributions for a given nanoparticle size in an experimental setup. The simulations in this study
focussed on the geometric effects of spherical nanoparticles on the
near-surface ion distribution which is inﬂuenced by nanoparticle
size. Elliptic shapes were not calculated since the complexity of
the equations requires numerical simulations and does not allow
for an explicit analytical solution [28] of the local ion distributions.
Effects of agglomeration and inhomogeneous distributions will ad-
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δeff =

Standard sample preparation methods immobilise nanoparticles
by drying a suspension of dispersed nanoparticles on the electrode surface or immersing the electrode in a nanoparticle suspension [49,50]. Because this leads to a rather weak adhesion,
nanoparticle-related electrochemical characterisation is therefore
limited to stagnant solutions and the use of a rotating disk electrode with a deﬁned diffusion layer thickness would cause the
nanoparticles to be washed away. Alternatively, other immobilisation techniques such as a direct synthesis method, self-assembly
of nanolithography lead to nanoparticles where the surface area
may be hard to be determined. Due to this, simulations have been
compared to a ﬂat electrode surface. Results are still in agreement
with the presented model even for the limit of a very large particle
radius (r → ∞). In simple terms, a ﬂat electrode surface can be approximated by a particle with very large or inﬁnite radius. Cyclic
voltammetry (CV) measurements in buffered solutions were collected using a rotating disk electrode (RDE) set to 2500 rpm and
a Solartron Modulab PSTAT 1MS/s connected to a uniﬁed power
system (APC smart-UPS C SMC1500C, Stronghold Services Corporation, London, Canada) and isolated ground power, to minimize
electrical noise. A glassy carbon electrode was used as the working electrode, a platinum (Pt) wire as the counter electrode, and
a Ag/AgCl/saturated KCl electrode as the reference electrode. For
each measurement, the open circuit potential was measured for
1 min, and then, a potential was scanned from 1.5 V to −1.5 V
vs. this reference electrode or from −1.5 V to 1.5 V (two separate
CV runs for each buffer concentration) at a scan rate of 10 mV s−1 .
Varying concentrations of 0.5, 1, 5, and 10 mM carbonate buffer in
5 g L−1 sodium chloride were prepared using ultrapure water and
sodium bicarbonate. The buffered solutions were each adjusted to
pH 7.4 using 8 M NaOH and 5 % HCl. The measurements were run
under de-aerated conditions, by purging with nitrogen gas at room
temperature (22 ◦ C). Prior to, and in between each measurement
in buffered solution, the glassy carbon electrode was cleaned by
rinsing with ultrapure water, running a full cycle (in the scan direction of the prior measurement) in 1 M HNO3 , and rinsing again
with ultrapure water.

An adequate treatment of transport by convection around
nanoparticles via the incompressible Navier-Stokes equation is very
complex. Assuming a laminar ﬂow around a spherical particle, the
thickness of the diffusion layer, formed around the sphere, will not
be uniform. In fact, uniform ﬂow patterns would only be obtained
if the particle itself would be acting as source or as sink for the
ﬂow, which is physically impossible. Hence, different points near
the particle surface experience different ﬂow velocities, resulting in
varying diffusion layer thicknesses. Considering this as well as the
shear-dependence of viscosity makes the determination of a precise ﬂow pattern unreasonable. Hence, a simpliﬁed approach was
chosen as a good average for the inhomogeneous ﬂow around such
particles where only the effects of diffusion and migration remain.
Migration, meaning the movement of ions due to a gradient of surface potential (electric ﬁeld), is very low in biological ﬂuids, owing
to the high concentration of salts [39,40], which results in a high
ionic strength of the electrolyte. Therefore, the contribution of migration to the overall movement of a species i should be negligible
in the mathematical model [1,34]. For experimental veriﬁcation of
the model in previous studies, the migration term in Eq. (1) can
be suppressed by increasing the total ionic strength of the solution by adding an inert electrolyte such as NaCl or NaClO4 . Considering all these conditions, only diffusion, the transport of elements by a gradient of the concentration, will remain from the
mathematical terms in the general modelling approach. The diffusion layer thickness is dependent on the viscosity of the solution,
the ﬂow conditions, and the diffusion coeﬃcient of the species. It
was mentioned that a uniform ﬂow pattern was chosen due to
the high number of uncertainties in the non-Newtonian ﬂow behaviour. This leads to a modelled constant thickness of the diffusion zone around spherical shaped nanoparticles. Therefore, the
3-dimensional spherical geometry can be simpliﬁed to the radial
term of the partial differential equation. From a modelling point of
view, the diffusion layer thickness is a scaling factor, and therefore
preserves the unique shape of the current signal and the pH-value
distribution in the diffusion zone. This still allows for general conclusions to be drawn from this work. Furthermore, this approach
enables the derivation of an analytical expression, as opposed to
a series of numerical computations. Also, comparison of a similar
modelling approaches for ﬂat surfaces with experimental data obtained by a commonly used rotary disk electrode (RDE) setup has
been reported [26]. Following this idea, the thickness of the diffusion layer in this study can be approximated by the KouteckyLevich equation [34] (Eq. (A.1)):
1

1

1

(A.2)

Appendix B. Experimental

Appendix A. Simpliﬁcation of the modelling approach

δi = 1.6126Di3 ν 6 ω− 2

cH+ δH+ + cOH− δOH−
cH+ + cOH−
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